We have used subtractive hybridization to isolate cDNA clones whose expression were up-regulated in transgenic tobacco ectopically expressing the rice homeobox gene, OSH1. Thirty-nine distinct cDNA clones, which we term HRGs (Homeobox Regulated Genes), were identified. Some of them were specifically expressed in transformants, indicating that their expression was possibly regulated by transgene.
Homeobox genes were first identified as encoding conserved protein motifs, known as homeodomains, that control morphogenesis in the fruit fly, Drosophila (McGinnis et al. 1984) . Because the secondary structure of homeodomains resembles the helix-turn-helix motif found in some bacterial DNA binding proteins, the products of homeobox genes are believed to regulate the expression of target genes by acting as transcriptional factors (Affolter et al. 1990) .
Despite the fact that plant development differs considerably from animal development, homeobox genes have also recently been isolated from various plants (Kerstetter et al. 1994) . By analogy to the functional roles of animal homeobox genes, plant homeobox genes are thought to act as transcription factors and play important roles in plant morphogenesis. We have previously isolated a homeobox gene, OSH1, from rice , and ectopic expression of the OSH1 cDNA in transgenic tobacco resulted in alterations in leaf and flower morphology
The nucleotide sequences reported in this paper have been submitted to DDJB/EMBL/GenBank Nucleotide Sequence Databases under the following accession numbers; HRG1, AB0O154O; HRG2, AB001541; HRG32, AB001542; HRGS1, ABOO1543; HRG83, AB001544; HRG101, AB001545; HRG131, AB001546; HRG140, AB001547; HRG150, AB001548; HRG151, AB001549; HRG161, AB0O1550; HRG164, ABOO1551; HRG183, AB001S52; HRG192, AB0O1553; HRG331, AB001554; HRG340, AB001555; HRG342, AB0O1556; HRG354, ABOO1557; HRG363, ABOO1558; HRG370, AB001559 and HRG373, AB001560. . Morphological alterations were also observed in transgenic plants ectopically expressing homeobox genes from tobacco (NTH15, M. Tamaoki, unpublished data) and maize (Knl, Sinha et al. 1993) . While these results indicate that homeobox genes are involved in plant development, the actual functions of these genes in morphogenesis are still unclear. In order to address the question of how ectopically-expressed homeobox genes alter the morphology of transgenic plants, it is important to identify and characterize target genes whose expression is regulated by these homeobox genes.
In Drosophila, there are several examples of homeobox genes that are directly regulated by themselves and/or other homeobox genes. For example, expression of the homeobox genes, Deformed and Ultrabithorax, is positively autoregulated (Bienz and Tremml 1988, Kuziora and McGinnis 1988) . Further, the homeobox genes Antennapedia, Ultrabithorax, abdominal-A, and abdominal-B affect the expression of one another and other homeobox genes, and the interactive regulation of these homeobox genes results in morphogenetic segmentation in the larva (Andrew and Scott 1992, Lawrence and Morata 1994) . In contrast to animal homeobox genes, only one case of a possible target gene of a plant homeobox gene has so far been reported. In this example, the product of a maize homeobox gene, Zmhoxla, was shown to interact with the 26 bp feedback control element of the Shrunken gene in vitro (Bellmann and Werr 1992) . In this paper, we describe a systematic effort to isolate a set of cDNA clones representing genes whose expression is up-regulated in transgenic tobacco plants ectopically expressing the rice homeobox gene, OSH1 .
Tobacco seeds, harvested from Nicotiana tabacum cv. Samsun NN and transgenic tobacco containing the 0SH1 cDNA under control of the nopaline synthetase promoter , were sterilized in 5% (v/v) sodium hypochlorite for 5 min and germinated on germination medium (Murashige and Skoog salts with \% (w/v) sucrose and 0.5% (w/v) gelangum) under continuous light at 25°C. The seedlings were transplanted to soil and grown at 25°C in a 16 h light-8 h dark cycle.
Subtracted probes were prepared essentially as described by Kouchi and Hata (1993 After transfer to a nylon membrane, the RNA was probed with the radio-labeled inserts of the indicated cDNA clones. A tobacco cDNA clone for ubiquitin was used as a control of hybridization (lower right).
A cDNA library was constructed from shoot apices of NOS-OSH1 transformed tobacco. Poly(A) + RNA was purified by two passes through an oligo d(T) cellulose (type III, Becton Dickinson Labware) column and was used to synthesize double stranded cDNA which was then cloned into the EcoRI site of Agtll. Screening was performed in 50% (v/v) formamide, 6 x SSC, 5 x Denhardt's solution, 0.5% (w/v) SDS, and 0.1 mg ml" 1 salmon sperm DNA at 42°C for 14 h using the subtracted probes.
Total RNA was prepared from various organs for gel blot analysis and 10 ng of each RNA preparation was subjected to electrophoresis in a 1.5% (w/v) agarose gel. After electrophoresis, RNA was transferred to Hybond N membrane (Amersham) and hybridized with radio-labeled inserts from the isolated clones. Hybridization was performed at 42°C in a solution containing 50% (v/v) formamide, 5xSSC, 0.02% (w/v) SDS, 0.1% (w/v) N-lauroylsarcosine, and 1% (w/v) blocking reagent (Boehringer). Filters were washed in 2xSSC, 0.1% (w/v) SDS at room temperature and then further washed in 0.2 x SSC, 0.1% (w/v) SDS at 65°C. As a control, a fragment of the tobacco ubiquitin gene was prepared as described by Fujita et al. (1993) and used as a probe.
As we reported previously , Sato et al. 1996 , overexpression of the OSH1 cDNA leads to abnormal morphology in transgenic tobacco and the severity of the aberrant morphology is correlated with the level of OSH1 expression. When the cauliflower mosaic virus 35S promoter was used to drive expression of OSH1, most transformants showed severe phenotypes, including dwarfism, loss of apical dominance and formation of ectopic shoots on very reduced, disc-shaped leaves. In contrast, when the OSH1 cDNA was expressed under the control of the nopaline synthetase (NOS) promoter, most transgenic plants showed a less severe phenotype, which included wrinkled leaves with thick blades. These observations clearly demonstrate that the morphology of plants transformed with 35S-OSH1 was more dramatically affected than that of plants transformed with NOS-OSH1. Therefore, transformants containing 35S-OSH1 might seem to be better material for isolating genes regulated by OSH1. However, we have recently shown that high levels of the OSH1 product cause physiological stress and lead to the induction of some stress-inducible genes. For example, the stress-inducible gene encoding the pathogenesis-related protein la (PRla) is constitutively expressed in leaves of transgenic tobacco exhibiting severe dwarfism or formation of ectopic shoots, but is not induced in normal leaves (Sato et al. 1996) . Therefore, we chose tobacco plants transformed with NOS-OSH1 as material for the isolation of genes that are over-expressed under the regulation of OSH1 in order to avoid isolating stress-induced genes which might be indirectly induced by OSH1.
To identify genes that were specifically up-regulated by OSH1, we prepared a probe by subtractive hybridization using cDNA from shoot apices of NOS-OSH1 transformants and excess poly(A) + RNA from shoot apices of wild-type plants. The subtracted probe was then used to screen a cDNA library prepared from shoot apices of the transformants, resulting in the isolation of about 400 clones from 2X1O 3 recombinant phages. After testing for cross-hybridization, the clones were divided into more than 50 independent groups, and increased expression in shoot apices of transformants was confirmed by RNA gel blot analysis, using ubiquitin mRNA level as a control. Ultimately, we identified 39 distinct groups that were specifically or strongly expressed in transgenic tobacco (Fig. 1) . These clones were designated HRG (Homeobox Regulated Gene), and were used for further analysis. The mRNA sizes corresponding to the clones varied from 0.5 to 2.2 kb (data not shown).
To obtain further information about the HRG clones, they were partially sequenced and a computer-assisted homology search was performed using the standard and expressed sequence tag (EST) databases with the entire sequenced regions. Twenty-one of the 39 clones showed high similarity to previously-reported sequences. As shown in Table 1 , the nucleic acid sequences of seven clones resembled sequences found in the EST database, one clone was similar to an unidentified open reading frame from yeast and the remaining 13 clones showed high similarity to genes of known function.
It should be noted that nine (HRG1, HRG2, HRG101, HRG131, HRG140, HRG1S1, HRG164, HRG192 and HRG331) out of the 13 clones encoding proteins of known function are related to genes involved in photosynthesis or carbon metabolism. These clones were expressed at low levels in shoot apices of wild-type plants, but were significantly up-regulated in shoot apices of NOS-OSH1 transformants (Fig. 1) . We believe that the induction of these photosynthesis-related genes in the NOS-OSH1 transformants may not be directly caused by the OSH1 products for the following reasons. We have recently shown that the level of cytokinin increases dramatically in leaves of transgenic tobacco ectopically expressing a tobacco homeobox gene, NTH15 (M. Tamaoki, unpublished data). Cytokinin levels were also elevated in leaves of NOS-OSH1 transformed tobacco plants (S. Kusaba, unpublished data). In addition, it has been reported that the products of several photosynthesis-related genes accumulate after treatment with exogenous cytokinin (Serve et al. 1985, Ohya and Suzuki 1991) . Taken together, these points indicate that the observed induction of photosynthesis-related genes in the transformants might not be a direct effect of the OSH1 product, but rather could be due to an increase in cytokinin levels. Further, it is possible that the increased expression of some or all of the other clones isolated in this study may be due to a disturbed endogenous hormone balance in the transgenic plants.
The nucleotide sequences of the remaining 18 clones displayed no significant homology to any genes reported to date. Using RNA gel blot analysis, expression of six clones (HRG31, HRG40, HRG81 , HRG200, HRG355 and HRG360) could not be detected in wild-type tobacco, while the expression of the other twelve clones was detected in wild-type plants (Fig. 1) ty, we analyzed the expression pattern of several clones in various organs of both wild-type and transgenic tobacco using RNA gel blots (Fig. 2) . We focused on five clones, two of which were similar to ESTs (HRG150 and HRG161) , two of which showed no similarity to any reported genes {HRG40 and HRG200) and the last one of which (HRG370) resembled an unidentified open reading frame from yeast. With the exception of HRG200, little or no expression was seen in any organ of wild-type tobacco (Fig. 2) . HRG200 mRNA was strongly expressed in flower buds, roots and leaves. In contrast to the expression patterns in wild-type plants, the expression of all five clones was enhanced in various organs of the NOS-OSH1 transformants. Based on the organ-specificity of the up-regulation of their expression in transgenic plants, alteration the expression pattern of these clones induced by OSHl could be divided into two classes. Two clones (HRG40 and HRG150) were strongly up-regulated in almost all organs tested (except roots), whereas the remaining three clones were mainly induced in shoot apices and flowers and were not strongly induced in other organs. The NOS promoter was used for expression of the OSHl cDNA, resulting in high level expression of OSHl in all organs tested (data not shown). It is difficult to explain, based on the existing data, why the expression of these genes was not up-regulated in roots of the transformants, even though OSHl was highly expressed in this organ. It may be possible that the OSHl product is insufficient to induce the expression of these genes in tobacco roots. The observation that ectopic expression of OSHl in roots does not alter root morphology in transgenic tobacco (data not shown) correlates well to the lack of induction of these genes in roots and therefore the OSHl product may not be active as a trans-factor for these genes, at least in roots. It has been predicted that the OSHl product is active as a hetero-or homo-dimer in the trans-activation of target genes, and so it may be possible that the presence or absence of counterpart(s) of this product determines whether it is active or inactive in various organs. A more detailed characterization of the isolated genes is needed to elucidate the mechanisms underlying the production of aberrant leaves in NOS-OSH1 transformed tobacco. Relevant direct evidence can only come from experiments in which overexpression of the candidate genes in transgenic tobacco results in alteration of leaf morphology similar to that seen in NOS-OSH1 transformed tobacco. Such experiments are currently being designed in our laboratory.
